Biofouling is predicted to increase in the course of global warming, making the study and monitoring of its ecological and economic consequences of great importance. The present study describes, for the first time, recruitment and successional patterns of fouling communities in the Caspian Sea. During one year, short-term panels (STP; replaced every 2 months) and long-term panels (LTP; retrieved after 4, 8 and 12 months) were deployed in the Western Iranian coast of the Caspian Sea. Temporal trends in both sets of panels were evaluated through Generalized Additive Models and discussed in light of the environmental variables registered in each sampling event. Recruitment and successional patterns observed at the community level were mainly driven by barnacles and bryozoans, the dominant taxa over the entire sampling period. Panel coverage, biomass and inorganic to organic matter ratio exhibited clear seasonal patterns in STP, following temperature and chlorophyll a trends. In LTP, coverage and biomass increased over the study period, while the inorganic to organic matter ratio peaked in summer and decreased during autumn and winter months. These results represent a baseline for future studies on biofouling communities in the Caspian Sea, where this topic has been completely neglected.
Introduction
Biofouling is defined as the accumulation of living organisms that colonize artificial substrata by adhesion and growth (Cao et al. 2011) and is divided into two major groups: (1) microfouling as the accumulation of unicellular organisms such as bacteria, algae and fungi, that leads to biofilm formation and (2) macrofouling as the aggregation, attachment and development of larger organisms including mussels, barnacles, bryozoans and sea weeds (Melo and Bott 1997) .
Biofouling communities are important both ecologically (Maggiore and Keppel 2007) and economically (Coetser and Cloete 2005 , Schultz et al. 2011 , Fitridge et al. 2012 ). Biofouling assemblages have representative organisms from different taxa acting as a link in transferring energy in marine food webs and as complex structures that form new habitats for other species (Pinnegar et al. 2000 , Relini et al. 2002 , Krohling et al. 2006 . From an economic perspective, the settlement and development of biofoulers on man-made structures lead to deterioration processes that demand high investments in maintenance and replacement activities (Yebra et al. 2004 ). Furthermore, biological descriptors (e.g., biodiversity) of fouling communities have been used as important tools in environmental impact assessment (Balaji and Rao 2004) . Hence, numerous investigations on these assemblages have been conducted over the past decades around the world (e.g., Nandakumar 1996 , Lin and Shao 2002 , Satheesh and Godwin Wesley 2008 , , Ong and Tan 2012 ,Canning-Clode and Sugden 2014 , Zhang et al. 2015 .
Fouling communities are characterized by continuous changes in composition and structure as they develop over time Schoener 1982, Pati et al. 2015) . When substrata are totally uncovered, as in the case of newly submerged infrastructures or in test panels, early colonizers whose propagules are present in the water occupy the space through primary succession. When already established communities are disturbed and partially removed, new species can colonize the habitat. Biological and physical disturbance regimes can make free spaces available for settlement of other colonizing species through secondary succession and also provide access to the resources such as light and/or food (Jenkins and Martins 2010) . Biotic factors such as competition, predation, initial colonizers, larval supply (Minchinton and Scheibling 1991 , Nandakumar et al. 1993 , Satheesh and Godwin Wesley 2008 , Canning-Clode et al. 2009 ) and abiotic factors such as temperature, salin-ity, nutrients, submersion season and time (e.g., Sutherland and Karlson 1977 , Lin and Shao 2002 , can change the structure and composition of these communities.
The deployment of test panels is the most common method for studying biofouling communities and has been successfully used in different regions of the world (e.g., Ruiz et al. 2006 , Lindeyer and Gittenberger 2011 , Masi et al. 2015 ). Short-term panels (1 to 2 months of submersion) are used for studying seasonal recruitment patterns while long-term panels (more than 2 months of submersion) are appropriate for succession surveys (Rajagopal et al. 1997) . Although an increased pressure imposed by some fouling groups in mid and high latitudes has been predicted in the course of global warming, and the importance of studying biofouling has been repeatedly highlighted (Poloczanska and Butler 2010 and citations therein) , an ecological assessment of fouling communities in the Caspian Sea has never been performed. Zevina et al. (1965) produced the only comprehensive document on biofouling identification for this water body, where 48 animal and 28 algae forms were reported. We hypothesized that in such a low diversity region, only few dominant species might drive the recruitment and successional patterns. In the present study, we aimed to describe the characteristics of biofouling communities including the temporal variations in recruitment and succession using test panels in the Western Iranian coast of the Caspian Sea.
Materials and methods

Study area and sampling design
The study was conducted in the Astara port (38˚25ʹ20.84ʺ N and 48˚52ʹ07.37ʺ E) in the Western Iranian coast of the Caspian Sea (Fig. 1) , from May 2015 to May 2016. This port is located on a sandy coast in the border between Iran and the Republic of Azerbaijan.
Polyvinyl Chloride (PVC) test panels (12 cm × 12 cm × 0.3 cm) were hung using 4 mm plastic ropes and suspended horizontally in 1 m depth from a pier in the Astara port. A 2 kg weight was attached underneath each panel to keep them in a stable position inside the water column. Two sets of panels were deployed. One set (hereafter refer to as STP: short-term panels) was retrieved and replaced with a new set every 2 months for a period of 12 months, in order to study recruitment patterns (5 panels per sampling event). The second set (hereafter refer to as LTP: long term-panels) was retrieved after 4, 8 and 12 months to assess the community succes- sion (4 panels per sampling event). Temperature, salinity, dissolved oxygen and pH were monthly measured. Nitrate, nitrite, phosphate and chlorophyll a were measured every 2 months in the laboratory according to standard methods (Adams 1990 , Eaton et al. 1995 .
Samples processing
Collected panels were gently rinsed with fresh water to remove excess sediment and salt, photographed, transferred to the laboratory on ice and kept at -20 ˚C for further analy-C for further analy-for further analysis. Some samples were separately preserved in 70% ethyl alcohol for potential further identification. Samples were identified to the lowest possible taxonomic level based on existing literature and the expertise of local taxonomists.
To determine the coverage for each taxa, the photographs of the panels were analyzed using the software CPCe 4.1. (Kohler and Gill 2006) . Each image was sub-divided into a 3×3 grid of 9 cells, with 11 random points per cell, produc-ing a maximum number of 99 points analyzed per picture. It is noteworthy that because of multilayer accumulation of foulers, coverage can be well over 100% (Canning-Clode et al. 2009 ). Before introducing the taxon names into the software, each image was checked with its respective real panel under a stereo microscope. Since bryozoans were distinguishable from panel pictures only to the order level (Cheilostomata and Ctenostomata), their coverage was aggregated at this taxonomic level. However, bryozoans were later identified down to the species level using scanning electron microscope photographs (see Table 3 for the species names). Based on the mean coverage calculated for the overall sampling period, the SACFOR scale was used to classify fouling taxa in STP and LTP (Connor and Hiscock 1996) . Classification levels included in the frame of the SACFOR scale are presented in Table 1 .
In order to measure the dry weight (DW), samples were carefully scraped from the panels and placed in pre-weighed aluminum pans, dried at 60 °C in the oven for 24 hours and weighed. Samples were then burnt in a muffle furnace at 500 °C for 6 h and reweighed. By subtracting the ash weight (AW) from the DW, the ash-free dry weight (AFDW) was calculated. Inorganic to organic matter ratio was calculated by dividing the AW by the AFDW of samples. Dry weight was considered as biomass.
Data processing and statistical analyses
Temporal trends of coverage, biomass and inorganic to organic matter ratio for the whole community were analyzed using Generalized Additive Models (GAM), employing the mgcv R package (Wood and Wood 2016) . Temporal trends of the coverage for the barnacle Amphibalanus improvisus, the bryozoans of the orders Cheilostomata and Ctenostomata and the green algae Schizomeris sp. (most abundant taxa) were also analyzed through GAM. The distribution and the link Table 1 . SACFOR scale (Connor & Hiscock, 1996) used to classify the sampled taxa based on the mean coverage for the entire study period. Classification categories defined in the frame of the scale are presented. function employed in each model were selected according to the nature of the response variable (see Table 2 ). In those cases where the existing distributions and link functions were not able to properly model the response variable, the data were normalized using a logarithmic transformation. In all the models, the time in months was considered as the explanatory variable and included as a smooth term using penalized cubic regression splines with up to three degrees of freedom. The adequacy of the adjusted models was determined by checking the explained deviance and the plots of residuals.
Results
Environmental parameters
Environmental variables registered from June 2015 to May 2016 are presented in Figure 2 . Water temperature ranged from 10.1 to 28 ˚C. It decreased gradually from sum-C.
It decreased gradually from sum-It decreased gradually from summer to autumn, reached its minimum in winter and increased again during spring. Dissolved oxygen, which ranged from 7.7 to 13.35mg.l -1 , followed an opposite trend to that seen for temperature. pH was minimum (7.83) in summer and maximum (8.47) in winter. Salinity almost did not vary during the study period (9.2-10.55 psu). The lowest phosphate concentration (0.004 ppm) was observed in summer and the highest (0.035 ppm) in early spring. Nitrite and nitrate concentrations ranged from 0.001 (in summer) to 0.004 ppm (in spring) and from 0.033 (in summer) to 0.084 ppm (in winter), respectively. Chlorophyll a increased from early summer, reached its maximum (6.66 µg.l -1 ) in late summer and decreased steadily towards spring.
Community patterns
Short-term panels. Coverage, biomass and inorganic to organic matter ratio of recruiting communities varied seasonally in STP. GAM showed that the mean trend of coverage increased from July to November 2015. After reaching its highest value (247.7%) by the end of summer and beginning of autumn (September-November 2015), the coverage decreased to its minimum (70.0%) during winter months (January-March 2016, Figure 3a) . In contrast to coverage, biomass and inorganic to organic matter ratio already showed their maximum values (721.9 g·m -2 and 12.7, respectively) in mid-summer (July 2015), started to decrease in September 2015 and reached the lowest values in the period January-March 2016. The taxa that recruited in the period March-May 2016 promoted a new increase in inorganic matter and a concomitant increase of the overall biomass (Fig. 3b, c) .
Long-term panels. GAM showed that the coverage in LTP increased in the period July-September 2015, after which the observed values were approximately 200% for the rest of the sampling (Fig. 3d) . Biomass increased over the entire sampling period, from a mean value of 360.9 g·m -2 in July 2015 (i.e., in 2 months old panels) to a value of 1540.6 g·m -2 in May 2016 (12 months old panels, Fig. 3e ). In contrast to the asymptotic trend observed for coverage and the continuous increase of biomass, the inorganic to organic matter ratio followed a cyclic trend (Fig. 3f) . The inorganic to organic matter ratio increased from 2 to 4 months panels (during the period July-September 2015). After peaking in September 2015, it decreased in winter (January 2016, after 8 months) and increased again towards May 2016 (Fig. 3f) . Table 3 . Mean coverage of biofouling taxa observed for short-term panels (STP) and long-term panels (LTP) during the study period (from May 2015 to May 2016). The information is presented by sampling event. Note that LTP information is not available for November 2015 (6 months panels) and March 2016 (10 months panels) due to the sampling design (see details in the main text). 
Patterns by taxa
Short term panels. A total of 10 macrofaunal taxa were observed in STP when all sampling events were considered (Table 3 ). The barnacle A. improvisus occurred all-year round and was the dominant species in 4 of the 6 sampling events, only being surpassed by Ctenostomata and Cheilostomata in July 2015 and November 2015 (Table 3) . Based on the SACFOR scale, this barnacle species was classified as abundant ( Fig. 4) . Beyond occurring in all sampling events and showing high coverage values over the entire study, GAM showed a clear seasonal trend in A. improvisus recruitment (Fig. 5a ). After steadily increasing during summer and peaking in September-November 2015, the coverage of barnacles decreased during winter and recovered in May 2016. The coverage of Cheilostomata (common taxa in STP considering the SACFOR scale) followed a similar seasonal trend to that observed for A. improvisus (Fig. 5b) . In contrast, the bryozoans from the order Ctenostomata exhibited the maximum coverage in the first sampling event (July 2015), decreased during autumn and winter and reached the lowest values in January-March 2016. In May 2016, the coverage of Ctenostomata recovered and showed similar values to those observed at the beginning of autumn (Fig. 5c ). Ctenostomata was classified as frequent in STP based on the mean coverage registered for this taxa during the overall sampling period (Fig. 4) . The Chlorophyta of the species Schizomeris sp. (frequent in STP, Fig. 4 ), steadily increased from July 2015 to May 2016 (Fig. 5d ).
Long term panels. On average, A. improvisus linearly increased throughout the study period, while Cheilostomata and Ctenostomata followed non-linear trends (Fig. 5e , Table 3 ). The coverage of Cheilostomata was minimum in January 2016 and reached its highest values in the first and last sampling events (July 2015 and May 2016) (Fig. 5f) . The Ctenostomata coverage exhibited the opposite trend, being maximum in winter (January 2016) and minimum in July 2015 and May 2016 (Fig. 5g) . In contrast to the previous taxa, the coverage of Schizomeris sp. remained almost constant from July 2015 to January 2016 and increased during spring (Fig. 5h) . Based on the SACFOR scale, A. improvisus was classified as superabundant, the bryozoans of the orders Cheilostomata and Ctenostomata as frequent and abundant, Schizomeris sp. as rare and Polysiphonia sp. as occasional (Fig. 4) .
Discussion
STP provided data on the temporal variations of early colonizers and how they determined noticeable changes in coverage, biomass and the ratio between inorganic and organic matter at the community level. The temporal variability observed in the coverage for the whole community was mostly driven by the recruitment patterns of barnacles and bryozoans (see Figs 3 and 5). Recent studies have shown that temporal changes in temperature, salinity, photoperiod and primary production influence the reproduction and recruitment of single species, and in consequence, the seasonal patterns observed in fouling communities (e.g., , Sokołowski et al. 2017 ). In the present study, the total coverage in STP peaked by the end of summer and beginning of autumn, when temperature and chlorophyll a exhibited their highest values. In accordance with these results, Sokołowski et al. (2017) based on a monitoring performed in the Baltic coast of Poland, argued that the increase of temperature and light availability during spring and summer promotes the reproduction and spawning of epibenthic species, explaining a higher recruitment in summer. Similar results were observed for the barnacle A. improvisus, the dominant species in this study, which massively recruits during summer in the South Western Baltic Sea (Thomsen et al. 2010 , Nasrolahi et al. 2012 . The increase of chlorophyll a (a proxy of primary production and food availability) and the high water temperatures still seen at the beginning of autumn, could explain the high coverage values observed. High food availability has been . Only taxa with coverage higher than 1% were considered in the plot. Information for short-term (STP) and long-term (LTP) panels is presented. improvisus (a, e) , the orders of bryozoans Cheilostomata (b, f) and Ctenostomata (c, g) and the green algae Schizomeris sp. (d, h) analyzed with Generalized Additive Models. Trends obtained for short term panels (STP) and long term panels (LTP) are presented. In each model, the solid line represents the best cubic regression spline adjusted and the grey shadow the confidence interval at the 95%. The explained deviance and the degrees of freedom (df) of the best cubic regression spline is presented for each model. **: p-values<0.01, ***: p-values<0.001. Notice the logarithmic scale in b, c, d, f and h. identified as a crucial factor for the dispersion, development and successful settlement in larvae as well as the accumulation of energy reserves to cover reproductive costs in adults (Todd 1998 , Wołowicz et al. 2006 . Coverage in STP strongly decreased in winter, when low temperatures probably promoted a decrease in metabolic and feeding rates, diminishing the energy intake and the resources availability for reproduction. Some new recruits were observed during winter, indicating the presence of reproductive adults and larvae in the field. However, many of these larvae are not physiologically competent in winter and therefore fail to attach and metamorphose to juvenile (Thiyagarajan et al. 2003 , Nasrolahi et al. 2013 . Winter storms, which transport sediment loads, can lead to high mortalities of suspension feeders such as barnacles and bryozoans (Boyle et al. 2006 , Houle 2015 , contributing to the low total coverage observed in the season.
In this study, the biomass of biofoulers in STP (mostly determined by barnacles) during summer months was much higher (by a magnitude of 10) than in winter months. The rate of mechanisms such as food intake and assimilation in barnacles and many other invertebrates are strongly affected by temperature (Anderson 1994) . For instance, during summer, high seawater temperatures increase metabolic rates and the feeding efficiency of barnacles (Crisp and Bourget 1985, Skinner et al. 2007 ). This, in turn, can cause higher growth rates and therefore higher biomasses. The increase of biomass in warmer months is in agreement with findings of previous studies on barnacles and other biofouling organisms (Greene and Grizzle 2007 , Smale et al. 2011 , Nasrolahi et al. 2013 . During cold months, suboptimal temperatures can prolong the duration of development and enhance the energetic requirements for maintenance, which may result in smaller individuals. Likewise, low temperature postpones larval metamorphosis and dramatically depresses post-metamorphic growth, leading to less biomass formation (Pechenik et al. 1993) . The inorganic to organic matter ratio followed a similar seasonal trend as that of biomass. Organic matter (body) in STP increased at the community level from summer to winter by more than 300% over inorganic matter (shells). Nasrolahi et al. (2013) found similar results for A. improvisus under experimental conditions, where organisms subjected to higher temperature treatments exhibited higher inorganic to organic matter ratios than those exposed to lower temperatures. Reduced food consumption as a consequence of low temperature results in less energy intake. This, in combination with the fact that calcification in cold water is energetically more costly (Melzner et al. 2011) , determines a reduction in shell production and in consequence in the inorganic to organic matter ratio in winter.
Through the analysis of coverage patterns by taxa in STP, it was possible to observe a mismatch in the seasonal trends of Cheilostomata and Ctenostomata bryozoans (see Fig. 5b , c and Table 4 ). Ctenostomata exhibited the highest coverage values in summer, being replaced by Cheilostomata as autumn progressed. To explain the replacement of some species (or entire groups of species) by others, reproduction and recruitment seasonality, asymmetric interspecific competition and/or the release of space by environmental dis-turbances (among others) have been proposed as potential mechanisms [see Liow et al. (2016) and citations therein]. Several studies have shown the relevance of competitive displacement between bryozoan clades in explaining diversity patterns in paleontological records of this phylum, highlighting the superior competitive abilities of Cheilostomata species and the successful radiation of this order (Sepkoski et al. 2000) . In light of this information, the delayed recruitment of Cheilostomata in comparison to Ctenostomata bryozoans, in addition to the capacity of Cheilostomata to displace other bryozoan clades, could explain the seasonal mismatch observed in the present study.
The results from LTP showed an asymptotic increase of coverage and a continuous increase of biomass in relation to submersion time, trends that were accompanied by a low and almost constant number of species during the overall study period (see Fig. 3 and Table 4 ). The dominance of barnacles and bryozoans was clearly evidenced by the similarities between coverage and biomass patterns for these taxa and the whole community. Coverage rapidly reached a ceiling in LTP, which could be explained by the continuous colonization by barnacles during the entire study period. Previous studies have shown that the amount of free space on the panels usually decreases with the progression of the succession, especially when early colonizers exhibit high growth rates and prevent the settlement of new ones (Benedetti-Cecchi 2000, Cifuentes et al. 2010, Lindeyer and Gittenberger 2011) . The biomass of biofoulers on the LTP, ranged from 722 (after 2 months) to 2559 g·m -2 (after 12 months), being much lower than those observed in the Indian ocean, specifically for the Gulf of Oman (4-months age panel, wet weight: 6000 g·m -2 , Dobretsov et al. 2015) and the Bay of Bengal (6-month age panel, wet weight: 6392 g·m -2 , .
Succession patterns can differ depending on the season when the sampling structures are deployed (Underwood and Anderson 1994, Satheesh and Wesley 2011) . Despite the fact that all the panels were deployed in May 2015, the dominance of barnacles over almost the entire year and the absence of strong competitors (like mussels) lead to the prediction that the patterns observed for STP and LTP in this study would most likely not vary if the panels had been initially deployed in a different season. Thus, the information generated in this study represents a reliable baseline for future studies and management strategies dealing with biofouling issues in the Caspian Sea. However, studying the biofouling assemblages in LTP at various starting seasons and for several years would generate more conclusive results.
Conclusions
Our data showed tremendous temporal variations in the recruitment of biofouling communities of the Caspian Sea. In this low diversity region, barnacles and bryozoans were the main determinants of recruitment and successional patterns. These patterns followed temperature and chlorophyll a trends, factors that strongly influence survival, growth and reproduction of fouling species, and in consequence the structure of assembled communities.
As shipping and the number of marine anthropogenic structures continue to increase and predictive scenarios indicate that fouling pressure will likely be enhanced by global warming (Poloczanska and Butler 2010) , the study of biofouling and its economic consequences have never been more in force. In this context, the present study only represents the starting point for future long-term monitoring efforts of biofouling communities in the Caspian Sea, a place where this topic has been thoroughly overlooked.
